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We present up to date cosmological bounds on the sum of active neutrino masses as well as on
extended cosmological scenarios with additional thermal relics, as thermal axions or sterile neutrino
species. Our analyses consider all the current available cosmological data in the beginning of year
2014, including the very recent and most precise Baryon Acoustic Oscillation (BAO) measurements
from the Baryon Oscillation Spectroscopic Survey. In the minimal three active neutrino scenario, we
find
∑
mν < 0.22 eV at 95% CL from the combination of CMB, BAO and Hubble Space Telescope
measurements of the Hubble constant.
A non zero value for the sum of the three active neutrino masses of ∼ 0.3 eV is significantly
favoured at more than 3 standard deviations when adding the constraints on σ8 and Ωm from the
Planck Cluster catalog on galaxy number counts. This preference for non zero thermal relic masses
disappears almost completely in both the thermal axion and massive sterile neutrino schemes.
Extra light species contribute to the effective number of relativistic degrees of freedom, parame-
terised via Neff. We found that when the recent detection of B mode polarization from the BICEP2
experiment is considered, an analysis of the combined CMB data in the framework of LCDM+r
models gives Neff = 4.00 ± 0.41, suggesting the presence of an extra relativistic relic at more than
95% c.l. from CMB-only data.
PACS numbers: 98.80.-k 95.85.Sz, 98.70.Vc, 98.80.Cq
I. INTRODUCTION
In standard cosmology, hot, thermal relics are identi-
fied with the three light, active neutrino flavours of the
Standard Model of elementary particles. The masses
of these three neutrino states have an impact in the
different cosmological observables, see Refs. [1, 2] for
a detailed description. Traditionally, the largest effect
caused by neutrino masses on the Cosmic Microwave
Background (CMB) anisotropies, is via the Early Inte-
grated Sachs Wolfe effect (ISW). Light active neutrino
species may turn non-relativistic close to the decoupling
period, affecting the gravitational potentials and leaving
a signature which turns out to be maximal around the
first acoustic oscillation peak in the photon temperature
anisotropy spectrum.
More recently, the Planck satellite CMB data [3], has
opened the window to tackle the neutrino mass via grav-
itational lensing measurements: neutrino masses are ex-
pected to leave an imprint on the lensing potential (due
to the higher expansion rate) at scales smaller than the
horizon when neutrinos turn non relativistic states [4].
However, the largest effect of neutrino masses on the sev-
eral cosmological observables comes from the suppression
of galaxy clustering at small scales. Neutrinos, being hot
thermal relics, possess large velocity dispersions. Con-
sequently, the non-relativistic neutrino overdensities will
only cluster at wavelengths larger than their free stream-
ing scale, reducing the growth of matter density fluctu-
ations at small scales, see e.g Refs. [5–17]. Non degen-
erate neutrinos have different free streaming scales and
in principle, with perfect measurements of the matter
power spectrum, the individual values of the neutrino
masses could be identified. In practice, the former is an
extremely challenging task. Cosmological measurements
are, for practical purposes, only sensitive to the total neu-
trino mass, i.e. to the sum of the three active neutrino
masses.
CMB Measurements from the Planck satellite, includ-
ing the lensing likelihood and low-` polarization measure-
ments from WMAP 9-year data [18] provide a limit on
the sum of the three active neutrino masses of
∑
mν <
1.11 eV at 95% CL. When a prior on the Hubble con-
stant H0 from the Hubble Space Telescope [19] is added
in the analysis, the constraint is strongly tightened, be-
ing
∑
mν < 0.21 eV at 95% CL, due to the huge existing
degeneracy between H0 and
∑
mν , see Ref. [8]. The
addition of Baryon Acoustic Oscillation (BAO) measure-
ments from the Sloan Digital Sky Survey (SDSS)-II Data
Release 7 [20, 21], from the WiggleZ survey [22], from the
Baryon Acoustic Spectroscopic Survey (BOSS) [23], one
of the four surveys of SDSS-III [24] Data Release 9 [25]
and from 6dF [26] to Planck CMB measurements also sig-
nificantly improves the neutrino mass constraints, lead-
ing to
∑
mν < 0.26 eV at 95% CL (see also the recent
work of [27]).
However, the former bounds are obtained assuming
that neutrinos are the only hot thermal relic component
in the universe. The existence of extra hot relic compo-
nents, as sterile neutrino species and/or thermal axions
will change the cosmological neutrino mass constraints,
see Refs. [8, 13, 15, 28–36]. Massless, sterile neutrino-like
particles, arise naturally in the context of models which
contain a dark radiation sector that decouples from the
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2Standard Model. A canonical example are asymmetric
dark matter models, in which the extra radiation degrees
of freedom are produced by the annihilations of the ther-
mal dark matter component [37], see also Refs. [38, 39]
for extended weakly-interacting massive particle models.
On the other hand, extra sterile massive, light neutrino
species, whose existence is not forbidden by any funda-
mental symmetry in nature, may help in resolving the
so-called neutrino oscillation anomalies [40, 41], see also
Refs. [42–46] for recent results on the preferred sterile
neutrino masses and abundances considering both cos-
mological and neutrino oscillation constraints. Another
candidate is the thermal axion [47], which constitutes the
most elegant solution to the strong CP problem, i.e. why
CP is a respected symmetry of Quantum Chromodynam-
ics (QCD) despite the existence of a natural, four dimen-
sional, Lorentz and gauge invariant operator which badly
violates CP. Axions are the Pseudo- Nambu-Goldstone
bosons associated to a new global U(1)PQ symmetry,
which is spontaneously broken at an energy scale fa. The
axion mass is inversely proportional to the axion coupling
constant fa
ma =
fpimpi
fa
√
R
1 +R
= 0.6 eV
107 GeV
fa
, (1)
where R = 0.553± 0.043 is the up-to-down quark masses
ratio and fpi = 93 MeV is the pion decay constant. Ax-
ions may be copiously produced in the early universe via
thermal or non-thermal processes, providing therefore,
a possible hot relic candidate in the thermal case, to
be considered together with the standard relic neutrino
background.
Both extra, sterile neutrino species and axions have an
associated free streaming scale, reducing the growth of
matter fluctuations at small scales. Indeed, it has been
noticed by several authors [48, 49] that the inclusion of
Planck galaxy cluster number counts data [50] in the cos-
mological data analyses, favours a non zero value for the
sterile neutrino mass: the free streaming sterile neutrino
nature will reduce the matter power at small (i.e. cluster)
scales but will leave unaffected the scales probed by the
CMB. A similar tendency for
∑
mν > 0 appears, albeit
to a smaller extent [48], when considering CFHTLens
weak lensing constraints on the clustering matter ampli-
tude [51].
Extra dark radiation or light species as neutrinos and
axions will also contribute to the effective number of rel-
ativistic degrees of freedom Neff, defined as
ρrad =
[
1 +
7
8
(
4
11
)4/3
Neff
]
ργ , (2)
where ργ is the present energy density of the CMB. The
canonical value Neff = 3.046 corresponds to the three ac-
tive neutrino contribution. If there are extra light species
at the Big Bang Nucleosynthesis (BBN) epoch, the ex-
pansion rate of the universe will be higher, leading to a
higher freeze out temperature for the weak interactions
which translates into a higher primordial helium fraction.
The most recent measurements of deuterium [52] and he-
lium [53] light element abundances provide the constraint
Neff = 3.50± 0.20 [52].
It is the aim of this paper to analyse the constraints on
the three active neutrino masses, extending the analyses
to possible scenarios with additional hot thermal relics,
as sterile neutrino species or axions, using the available
cosmological data in the beginning of this year 2014.
The data combination used here includes also the recent
and most precise distance BAO constraints to date from
the BOSS Data Release 11 (DR11) results [54], see also
Refs. [55–57].
The structure of the paper is as follows. Section II
describes the different cosmological scenarios with hot
thermal relics explored here and the data used in our nu-
merical analyses. In Sec. III we present the current limits
using the available cosmological data in the three active
neutrino massive scenario, and in this same scheme but
enlarging the hot relic component firstly with thermal
axions, secondly with additional dark radiation (which
could be represented, for instance, by massless sterile
neutrino species) and finally, with massive sterile neu-
trino species. We draw our conclusions in Sec. V.
II. COSMOLOGICAL DATA ANALYSES
The baseline scenario we analyse here is light active
massive neutrino scheme with three degenerate massive
neutrinos, described by the parameters:
{ωb, ωc,Θs, τ, ns, log[1010As],
∑
mν} , (3)
ωb ≡ Ωbh2 and ωc ≡ Ωch2 being the physical baryon and
cold dark matter energy densities, Θs the ratio between
the sound horizon and the angular diameter distance at
decoupling, τ is the reionization optical depth, ns the
scalar spectral index, As the amplitude of the primor-
dial spectrum and
∑
mν the sum of the masses of the
three active neutrinos in eV. We then consider simulta-
neously the presence of two hot relics, both massive neu-
trinos and axions, enlarging the former scenario with one
thermal axion of mass ma, see Appendix VII for details
concerning the calculation of the axion energy density
as a function of the cosmic time. The other possibility
is the existence of extra dark radiation species, that we
have firstly addressed by introducing a number of mass-
less sterile neutrino-like species, parameterized via Neff
(together with the baseline three massive neutrino to-
tal mass
∑
mν). The extra additional sterile states, if
massive, may help in resolving the so-called neutrino os-
cillation anomalies. Consequently, we also constrain here
simultaneously the Neff massive sterile neutrino scenario
and the sum of the three active neutrino masses
∑
mν .
The effective number of massive sterile neutrino species is
represented by ∆Neff = Neff−3.046, and its mass is meffs ,
which is related to the physical sterile neutrino mass via
3the relation:
meffs = (Ts/Tν)
3ms = (∆Neff)
3/4ms , (4)
being Ts (Tν) the current temperature of the sterile (ac-
tive) neutrino, and assuming that the sterile states are
hot thermal relics with a phase space distribution similar
to the active neutrino one.
Table I specifies the priors considered on the different
cosmological parameters. For our numerical analyses, we
have used the Boltzmann CAMB code [58] and extracted
cosmological parameters from current data using a Monte
Carlo Markov Chain (MCMC) analysis based on the pub-
licly available MCMC package cosmomc [59].
In particular, we run chains using the Metropolis-
Hastings (MH) algorithm to obtain posterior distribu-
tions for the model parameters, given a certain dataset
combination. The only exception is for the measurements
of the power spectrum amplitude (described in the fol-
lowing section), that are included in our analysis by post-
processing the MH chains that were previously generated
without accounting for these data. The post-processing
is done using the technique of importance sampling; this
technique is very reliable when the posterior distribu-
tions obtained after including new data are centered on
the same values as the old distributions, and becomes
on the contrary less reliable the more the new posteriors
are shifted with respect to the old ones. The reason for
this is that in this case one needs to sample from the
low-probability tail of the old distribution, that is poorly
explored by the MH algorithm (unless the chains run for
a very long time). We stress this fact since, as we shall see
in the following, the inclusion of the data on the power
spectrum amplitude shifts the posterior for some of the
model parameters.
All the cases under consideration (additional mass-
less species, massive sterile neutrinos, and axions) can
be studied with none or minimal to modifications to the
CAMB code. In particular, the massive sterile and ax-
ion cases can be reproduced in the Boltzmann code by
means of a suitable reparameterization and by treating,
code-wise, the additional species as massive neutrinos.
This relies on the fact that, for an equilibrium distribu-
tion function, the evolution equations only depend on the
mass over temperature ratio mi/Ti and on the total den-
sity Ωi (i = a, s). The equivalence is perfect for thermal
sterile neutrinos, because they have a Fermi-Dirac dis-
tribution function like ordinary neutrinos; instead, this
is not the case for thermal axions since they are de-
scribed by a Bose-Einstein distribution function. We
take into account here the bosonic nature of axions at
the background level, but not in the perturbation equa-
tions. However we argue that the error that we commit
in keeping the Fermi-Dirac distribution function in the
perturbation equations for axions is negligible given the
uncertainties on the model parameters.
Parameter Prior
Ωbh
2 0.005→ 0.1
Ωch
2 0.01→ 0.99
Θs 0.5→ 10
τ 0.01→ 0.8
ns 0.9→ 1.1
ln (1010As) 2.7→ 4∑
mν [eV] 0.06→ 3
ma [eV] 0.1→ 3
Neff 0(3.046)→ 10
meffs [eV] 0→ 3
TABLE I: Uniform priors for the cosmological parameters
considered here. In the case of the extra relativistic degrees
of freedom Neff, the numbers refer to the massless (massive)
case.
A. Cosmological data
1. CMB data
We consider the data on CMB temperature
anisotropies measured by the Planck satellite (in-
cluding information on the lensing potential) [60–62]
combined with 9-year polarization data from WMAP
[18] and with additional temperature data from high-
resolution CMB experiments, namely the Atacama
Cosmology Telescope (ACT) [63] and the South Pole
Telescope (SPT) [64].
The likelihood functions associated to these datasets
are estimated and combined using the likelihood code dis-
tributed by the Planck collaboration, described in Refs.
[61] and [62], and publicly available at Planck Legacy
Archive1. The Planck TT likelihood is constructed fol-
lowing a hybrid approach: the high-` (` ≥ 50) part is
based on a pseudo-C` technique and uses power spec-
tra estimated from the detectors of the 100, 143 and
217 GHz frequency channels, while the low-` (` ≤ 49)
part uses a Gibbs sampling-based approach and com-
bines data from all frequencies from 30 to 353 GHz. We
use Planck TT data up to a maximum multipole num-
ber of `max = 2500. These are supplemented by the low-`
WMAP 9-year polarization likelihood, that includes mul-
tipoles up to ` = 23 [18]. For what concerns the small-
scale observations, we follow the approach of the Planck
collaboration, as implemented in their likelihood code,
and include the ACT spectra presented in Ref. [63] and
the SPT spectra presented in Ref. [64]. In particular, the
likelihood uses the ACT 148 × 148 spectra in the range
1000 < ` < 9440, the ACT 148×218 and 218×218 spec-
tra in the range 1500 < ` < 9440, and the SPT 95, 150
and 220 GHz spectra in the range 2000 < ` < 10000, as
described in Sec. 4.1 of Ref. [3]. The primary purpose of
1 http://pla.esac.esa.int/pla/aio/planckProducts.html
4considering these subsets of the ACT and SPT data is to
improve the constraints on the unresolved foregrounds.
Finally, we use the information on the gravitational lens-
ing power spectrum estimated from the trispectrum of
the Planck maps, as implemented in the Planck lensing
likelihood described in Ref. [62].
We shall refer to the combination of all the above-
mentioned data as the CMB data set.
In our analysis of the CMB dataset, we compute the
helium abundance following the BBN theoretical predic-
tion, in which the helium mass fraction is a function of
Ωbh
2 and Neff (see the BBN section below) and fix the
lensing spectrum normalization to AL = 1. We marginal-
ize over all foregrounds parameters as described in [3].
2. Large scale structure data
We consider here several large scale structure data sets
in different forms. First of all, we include all the avail-
able galaxy survey measurements in the form of Baryon
Acoustic Oscillation (BAO) data. As a novelty, we add to
the existing BAO data sets (SDSS Data Release 7 [20, 21],
WiggleZ survey [22], 6dF [26]) the most recent and most
accurate BAO measurements to date, arising from the
BOSS Data Release 11 (DR11) results [54]. Using ap-
proximately a sample of one million galaxies and cover-
ing 8500 squared degrees, the DR11 results provide the
constraints on the spherically averaged distance DV /rd
2
to be 13.42 ± 0.13 and 8.25 ± 0.16 at redshifts z = 0.57
and z = 0.32, respectively. We present results separately
for DR11 BAO measurements, as well as the combination
of the former results with other previous BAO measure-
ments, referring to them as DR11 and BAO, respectively.
We also exploit here the WiggleZ survey large scale
structure measurements in their full matter power spec-
trum form [66], in order to quantify the benefits of us-
ing shape measurements of the matter power spectrum
versus geometrical BAO information in extended cosmo-
logical scenarios with additional degeneracies among the
different parameters, see the earlier work of Refs. [6, 8]
where similar comparisons were performed. This data set
is referred as WZ, and whenever it is included, the BAO
measurement from the WiggleZ survey is not considered
in the BAO data set.
3. Supernova luminosity distance and Hubble constant
measurements
Supernova luminosity distance measurements from the
first three years of the Supernova Legacy Survey [67] are
2 The value of the sound horizon rd used for these values is ob-
tained using the Eisenstein & Hu fitting formula [65].
included in the hot thermal dark matter relic bounds
presented here, referring to these data as SNLS.
Our cosmological data analyses will also address the
effect of a gaussian prior on the Hubble constant H0 =
73.8±2.4 km/s/Mpc, accordingly with the measurements
from the Hubble Space Telescope [19]. We refer to this
prior as HST.
4. Additional data sets: σ8 measurements
Measurements of the galaxy power shear spectra by to-
mographic weak lensing surveys provide a powerful tool
to set constraints on the mass distribution in the uni-
verse. The amplitude and the shape of the weak lens-
ing signal are sensitive to the normalization of the power
spectrum, the so-called σ8 parameter (which is the stan-
dard deviation of the matter density perturbations in
a sphere of radius 8Mpc/h), as well as to the overall
matter energy density of the universe, Ωm. Using six
tomographic redshift bins spanning from z = 0.28 to
z = 1.12, the CFHTLens survey finds σ8(Ωm/0.27)
0.46 =
0.774+0.032−0.041 [51]. We shall use this constraint in our anal-
yses, applying this constraint to our Monte Carlo Markov
chains.
A strong and independent measurement of the ampli-
tude of the power spectrum arises from the abundance
of clusters as a function of the redshift, being the clus-
ter redshift distribution a powerful probe of both Ωm
and σ8. The Planck Sunyaev-Zeldovich (SZ) selected
clusters catalog, which consists of 189 galaxy clusters
with measured redshift in the X range, is the largest SZ
cluster sample to date and has provided the constraint
σ8(Ωm/0.27)
0.3 = 0.782± 0.010 [50] via the cluster mass
function. We will address as well this constraint in our
Monte Carlo Markov chain analyses. These measure-
ments are included in our analysis by post-processing the
chains that were previously generated without account-
ing for these data.
5. Big Bang Nucleosynthesis
The light elements abundance is also sensitive to sev-
eral cosmological parameters. The primordial abundance
of deuterium is usually considered as an invaluable bary-
ometer, since the higher the baryon abundance Ωbh
2,
the less deuterium survives. On the other hand, while
the mass fraction of helium-4 4He (Yp) is rather in-
sensitive to Ωbh
2, it is directly related to the expan-
sion rate at the BBN period, which strongly depends
on the effective number of relativistic degrees of freedom
Neff. As previously stated, if there are extra light species
at the BBN epoch, the expansion rate of the universe
will be higher, leading to a higher freeze out temper-
ature for the weak interactions which translates into a
higher primordial helium fraction Yp. Here we exploit the
primordial deuterium values from Ref. [68] (D/H)p =
5(2.87 ± 0.22) × 10−5 as well as the most recent deu-
terium measurements (D/H)p = (2.53±0.04)×10−5 [52],
to compare the cosmological constraints obtained with
these two diferent primordial deuterium estimates, in-
cluding also the measurements of the helium mass frac-
tion Yp = 0.254 ± 0.003 [53]. We shall use the former
constraints in the scenarios in which extra relativistic de-
grees of freedom are expected to be present at the BBN
period.
Notice that Planck CMB data is also sensitive to the
value of Yp via measurements of the CMB damping tail
(high multipole region), and therefore we use the BBN
consistency option of the MCMC software exploited here,
cosmomc [59], assuming therefore that the value of the ex-
tra relativistic degrees of freedom remains unchanged be-
tween the BBN and the CMB epochs. Then, given a cos-
mological model, the theoretical primordial abundance
of helium, which is a function of Ωbh
2 and Neff
3 is com-
puted, using AlterBBN [70], a numerical code devoted to
calculate the BBN abundances within non standard cos-
mologies. We perform a similar calculation for the deu-
terium primordial abundance, and then fit the theoret-
ical expectations for the deuterium and helium primor-
dial abundances (previously computed for the CMB data
analyses in the latter case) to the measurements quoted
above, adding the resulting likelihood in our MCMC
analyses by means of a postprocessing of our chains.
6. Consistency of datasets
We derive our constraints on model parameters using
different combinations of the datasets described in the
previous sections. However, in a few cases there are ten-
sions between datasets, that we describe in the following.
We also briefly assess, at least qualitatively, the effect on
parameters of adding these data.
We use the Planck lensing likelihood in all our anal-
yses. The lensing likelihood is based on the informa-
tion encoded in the 4-point correlation function (i.e., the
trispectrum) of CMB temperature anisotropies. On the
other hand, lensing also directly affects the CMB power
spectrum. As explained in Sec. 5.1 of Ref. [3], there is
a slight tension between the lensing amplitudes that are
inferred from the trispectrum and from the power spec-
trum. In particular, while the former is consistent with
the value expected in ΛCDM, the temperature power
spectrum shows a mild preference for a higher lensing
power. Since the effect of increasing the neutrino mass is
similar to that of a smaller lensing amplitude (as both re-
sult in a suppression of power at small scales), including
the lensing likelihood tends to shift the value of the total
3 See for instance the fitting functions provided in Ref. [68], ex-
tracted from the numerical results of the PArthENopE BBN
code [69].
neutrino mass to larger values [3]. Instead, the inclusion
of the lensing likelihood does not change significantly the
constraints on the effective number of relativistic degrees
of freedom, at least for the ΛCDM model.
Another piece of information that is in tension with the
corresponding Planck estimate is the value of the Hub-
ble constant inferred from astrophysical measurements,
as discussed in Sec. 5.3 of Ref. [3]. This includes
the HST value used in our analysis, H0 = 73.8 ± 2.4
km/s/Mpc, that is discrepant with the Planck ΛCDM
estimate H0 = 67.3 ± 1.2 km/s/Mpc at more than 2σ,
although it should always be remembered that CMB es-
timates are highly model dependent. The reasons for
this discrepancy are, to date, not yet well understood
and are a matter of intense debate in the community. It
is however possible that this tension is relieved in some
extensions of the standard ΛCDM model. For this rea-
son, we have decided to consider the HST data in some
of our enlarged datasets.
Finally, we use the σ8 measurements from the
CHFTLens survey and from the Planck SZ cluster counts,
as reported in Sec. II A 4. These values are however both
discrepant with the value estimated from Planck CMB at
the 2σ level (see discussion in Sec. 5.5 of Ref. [3]). This
tension has not yet been explained either, but it could be
related to the difficulties in adequately modelling selec-
tion biases and calibrating cluster masses. As in the case
of the Hubble constant, however, there is the possibility
that the discrepancy is alleviated in some extended cos-
mological models (like for example those that include the
neutrino mass as a free parameter). Following the same
rationale as for the inclusion of the HST data, we have
derived constraints from enlarged datasets that include
the σ8 measurements. These should however be regarded
as quite un-conservative.
III. RESULTS
A. Massive neutrinos
We present here the results on our baseline scenario
with three active neutrino degenerate species. Table II
depicts the 95% CL constraints on the sum of the three
active neutrino masses
∑
mν . Notice that, without the
inclusion of the constraints on σ8 and Ωm the upper
limits on the neutrino mass are mostly driven by the
new BOSS DR11 BAO measurements, being the tight-
est limit
∑
mν < 0.22 eV at 95% CL from the combi-
nation of CMB data, BAO and HST measurements of
the Hubble constant. However, since there exists a well
known discrepancy on the measured value of H0 from
the Planck and the HST experiments [3], we have also
considered the combination of CMB and BAO data with
SNLS Supernovae Ia luminosity distance measurements.
Such a combination provides an upper 95% CL limit of∑
mν < 0.23 eV, in perfect agreement with the findings
of the recent BOSS results[56] using the full shape of
6CMB+DR11 CMB+DR11 CMB+DR11 CMB+DR11 CMB+ DR11 CMB+DR11 CMB+DR11 CMB+ DR11
+HST +WZ +WZ+HST +WZ+BAO+HST +BAO +BAO+HST +BAO+SNLS
Σmν [eV] < 0.25 < 0.22 < 0.25 < 0.23 < 0.24 < 0.26 < 0.22 < 0.23
SZ Clusters &
CFHTLens
Σmν [eV] 0.30
+0.12
−0.14 0.25
+0.12
−0.13 0.27
+0.14
−0.13 0.25
+0.10
−0.11 0.26
+0.18
−0.13 0.29
+0.13
−0.12 0.24
+0.10
−0.12 0.27
+0.12
−0.13
SZ Clusters
Σmν [eV] 0.30
+0.12
−0.14 0.25
+0.13
−0.13 0.27
+0.12
−0.13 0.24
+0.10
−0.10 0.25
+0.17
−0.13 0.29
+0.13
−0.12 0.23
+0.10
−0.12 0.27
+0.11
−0.13
CFHTLens
Σmν [eV] < 0.33 < 0.28 < 0.30 < 0.27 < 0.28 < 0.33 < 0.27 < 0.30
TABLE II: 95% CL constraints on the sum of the neutrino masses, Σmν , from the different combinations of data sets explored
here.
the clustering correlation function. The addition of the
constraints on σ8 and Ωm from the CFHTLens survey
displaces the bounds on the neutrino mass to higher val-
ues, the reason for that being the lower σ8 preferred by
CFHTLens weak lensing measurements. Due the poor
constraining power of the weak lensing data the neutrino
mass bounds are not significantly altered. On the other
hand, when adding the constraint on σ8 and Ωm from
the Planck-SZ cluster catalog on galaxy number counts,
a non zero value for the sum of the three active neu-
trino masses of ∼ 0.3 eV is favoured at 4σ. In particular,
the combination of CMB data with BAO measurements
from BOSS DR11, WiggleZ power spectrum (full shape)
data and a prior on H0 from HST after considering the
inclusion of Planck SZ clusters information leads to the
value
∑
mν = 0.24
+0.10
−0.10 eV at 95% CL. The combination
of weak lensing data and galaxy number counts data is
mostly driven by the latter and therefore the constraints
do not change significantly with respect to the case in
which the analyses are performed with galaxy cluster
counts information only. A similar effect, although in
a slightly different scenario and different data sets, was
found by Refs. [48, 49].
Figure 1 illustrates our findings for three possible data
combinations: CMB data, combined with BOSS DR11
BAO measurements, additional BAO measurements and
a prior on the Hubble constant from HST (depicted by
the blue contours); and the same data combination but
considering also the σ8 −Ωm weak lensing (galaxy num-
ber counts) constraint (depicted by the red (green) con-
tours). The left panel depicts the very well known degen-
eracy in the (
∑
mν (eV), H0) plane, showing the 68%
and 95% CL allowed contours by the different data sets
specified above. Considering CMB data only, a higher
value of
∑
mν can be compensated by a decrease on the
Hubble constant H0 since the shift induced in the dis-
tance to the last scattering surface caused by a larger∑
mν can be compensated by a lower H0. Notice that
when Planck SZ cluster information on the σ8 − Ωm re-
lationship is added, the allowed neutrino mass regions
are displaced and a non zero value for the sum of the
three active neutrino masses is favoured at ∼ 4σ. The
right panel of Fig. 1 shows the 68% and 95% CL allowed
regions in the (
∑
mν (eV), σ8) plane. The allowed con-
tours of both σ8 and
∑
mν are considerably displaced
after considering Planck clusters data. The power spec-
trum normalization σ8 has smaller values when neutrinos
are massive (due to the neutrino free streaming nature),
being precisely these smaller values of σ8 those preferred
by galaxy cluster number counts.
B. Massive neutrinos and thermal axions
In this section we present the constraints on a sce-
nario including both massive neutrinos and a thermal
axion. Table III presents the constraints on the sum of
the three active neutrino masses and on the axion mass
(both in eV) for the different cosmological data combina-
tions considered here. Notice that BBN bounds are also
quoted here since a thermal axion will also contribute to
the extra radiation component at the BBN period, by an
amount given by:
∆Neff =
4
7
(
3
2
na
nν
)4/3
, (5)
being na the current axion number density and nν =
112 cm−3, the current number density of each active neu-
trino plus antineutrino flavour. We have applied the BBN
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FIG. 1: Left panel: the blue contours show the 68% and 95% CL allowed regions from the combination of CMB data, BOSS
DR11 BAO measurements, additional BAO measurements and a prior on the Hubble constant from HST in the (
∑
mν (eV),
H0) plane. The red (green) contours depict the results when the σ8 − Ωm weak lensing (galaxy number counts) constraint is
added in the analysis. Right panel: as in the left panel but in the (
∑
mν (eV), σ8) plane.
consistency relation in our MCMC analyses of Planck
data, to compute the Helium mass fraction as a function
of ∆Neff. Nevertheless the bounds on neutrino and axion
masses are not significantly affected if the Helium mass
fraction is kept fixed for CMB purposes. Notice that,
before applying constraints from Planck SZ Clusters or
CHFTLens constraints on the σ8 − Ωm relationship, the
most stringent 95% CL bounds, without including BBN
bounds, are
∑
mν < 0.21 eV and ma < 0.59 eV, con-
sidering CMB, BOSS BAO DR11, additional BAO mea-
surements, WiggleZ power spectrum (full shape) infor-
mation and the H0 HST prior. These bounds are in per-
fect agreement with the findings of Ref. [36], albeit they
are slightly tighter, mostly due to the more accurate new
BOSS BAO measurements.
After considering BBN bounds with deuterium esti-
mates from [52] ([68]) and helium constraints from
Ref. [53], which constrain the contribution of the thermal
axion to the relativistic degrees of freedom at the BBN
epoch, the 95% CL bounds quoted above traslate into∑
mν < 0.25 eV and ma < 0.57 eV (
∑
mν < 0.21 eV
and ma < 0.61 eV).
The addition of weak lensing constraints on the σ8−Ωm
relationship from the CFHTLens experiment makes the
neutrino and axion mass bounds weaker, due to the lower
σ8 preferred by the former data set, which favours higher
values for the thermal relic masses. If further infor-
mation on the σ8 − Ωm relationship from the Planck
SZ cluster number counts is considered in the MCMC
analyses, there exists evidence for a neutrino mass of
∼ 0.2 eV at the ∼ 3σ level exclusively for the case in
which CMB data is combined with BOSS BAO DR11
measurements and full-shape power spectrum informa-
tion from the WiggleZ galaxy survey. There exists as
well a mild evidence (∼ 2σ) for an axion mass of 0.6 eV
for two isolated cases in which either the HST H0 prior
or SNIa luminosity distance measurements are considered
in combination with all the BAO measurements here ex-
ploited. However, there is no evidence for neutrino and
axions masses simultaneously.
Figure 2, left panel, depicts the 68% and 95% CL al-
lowed regions arising from the combination of CMB data,
BOSS DR11 BAO measurements, additional BAO mea-
surements and a prior on the Hubble constant from HST
in the (
∑
mν (eV), ma(eV)) plane. Once the Planck SZ
cluster number counts information on the σ8 − Ωm rela-
tionship is added, a non zero value of the axion mass is
favoured by data at the ∼ 2.2σ. The right panel of Fig. 2
shows the 68% and 95% CL contours in the (
∑
mν (eV),
ma(eV)) plane resulting from the analysis of CMB data,
BOSS DR11 BAO measurements, additional BAO mea-
surements - except for the WiggleZ galaxy survey infor-
mation which is removed and considered in its full-shape
form - and the HST H0 prior. Notice that no evidence
for non-zero neutrino masses nor for non-zero axion mass
appears in this case.
8CMB+DR11 CMB+DR11 CMB+DR11 CMB+DR11 CMB+DR11 CMB+DR11 CMB+DR11 CMB+DR11
+HST +WZ +WZ+HST +WZ+BAO+HST +BAO +BAO+HST +BAO+SNLS
Σmν [eV] < 0.24 < 0.21 < 0.24 < 0.22 < 0.21 < 0.23 < 0.20 < 0.22
ma [eV] < 0.79 < 0.77 < 0.65 < 0.62 < 0.59 < 0.74 < 0.75 < 0.76
SZ Clusters &
CFHTLensing
Σmν [eV] < 0.36 < 0.27 0.21
+013
−0.13 < 0.32 < 0.30 < 0.31 < 0.28 < 0.31
ma [eV] < 1.08 < 1.09 < 0.88 < 0.81 < 0.77 < 1.12 0.63
+0.47
−0.49 0.58
+0.50
−0.48
SZ Clusters
Σmν [eV] < 0.36 < 0.27 0.20
+013
−0.14 < 0.32 < 0.30 < 0.31 < 0.27 < 0.31
ma [eV] < 1.07 < 1.07 < 0.87 < 0.81 < 0.77 < 1.10 0.62
+0.46
−0.48 0.57
+0.50
−0.47
CFHTLens
Σmν [eV] < 0.29 < 0.24 < 0.28 < 0.25 < 0.25 < 0.27 < 0.24 < 0.26
ma [eV] < 0.94 < 0.95 < 0.74 < 0.68 < 0.67 < 0.96 < 0.94 < 0.98
BBN
Σmν [eV] (D/H)p[52] < 0.27 < 0.24 < 0.26 < 0.27 < 0.25 < 0.27 < 0.23 < 0.24
Σmν [eV] (D/H)p[68] < 0.24 < 0.20 < 0.23 < 0.21 < 0.21 < 0.22 < 0.20 < 0.22
ma [eV] (D/H)p[52] < 1.15 < 0.76 < 0.60 < 0.59 < 0.57 < 0.79 < 0.77 < 1.38
ma [eV] (D/H)p[68] < 0.82 < 0.80 < 0.67 < 0.64 < 0.61 < 0.77 < 0.78 < 0.79
TABLE III: 95% CL constraints on the sum of the neutrino masses, Σmν , and on the axion mass, ma, both in eV, from
the different combinations of data sets explored here. When BBN bounds are included, the first (second) raw refers to
the constraints obtained combining the primordial deuterium values from Ref. [52] ([68]) (D/H)p = (2.53 ± 0.04) × 10−5
((D/H)p = (2.87± 0.22)× 10−5) with measurements of the helium mass fraction Yp = 0.254± 0.003 from Ref. [53].
C. Massive neutrinos and extra dark radiation
species
We first report here the constraints resulting when con-
sidering both massive neutrinos and ∆Neff massless dark
radiation species. These massless species may appear
in extensions of the Standard Model of elementary par-
ticles containing a dark sector, as, for instance, in the
so-called asymmetric dark matter scenarios. In all these
models, when the value of Neff is larger than the canon-
ical 3.046, ∆Neff = Neff − 3.046 is related to the extra
density in massless hot relics. On the other hand, if the
value of Neff is smaller than the standard 3.046, the ac-
tive neutrino temperature is reduced and there are no
extra massless species.
Table IV depicts the 95% CL constraints on the sum
of the three active neutrino masses
∑
mν and well as on
the total number of dark radiation species Neff, corre-
sponding to the contribution from the three active neu-
trinos plus ∆Neff massless dark radiation species, for the
different data combinations explored here. The bounds
on the neutrino mass are less stringent than in standard
three neutrino massive case due to the large degener-
acy between
∑
mν and Neff, since a larger number of
massless sterile neutrino-like species will increase the ra-
diation content of the universe, and, in order to leave
unchanged both the matter-radiation equality era and
the location of the CMB acoustic peaks, the matter con-
tent of the universe must also increase, allowing therefore
for larger neutrino masses. We find
∑
mν < 0.31 eV
and Neff = 3.45
+0.59
−0.54 at 95% CL from the combina-
tion of CMB data and BOSS DR11 BAO measurements.
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FIG. 2: Left panel: the blue contours show the 68% and 95% CL allowed regions from the combination of CMB data, BOSS
DR11 BAO measurements, additional BAO measurements and a prior on the Hubble constant from HST (depicted by the blue
contours) in the (
∑
mν (eV), ma (eV)) plane. The red (green) contours depict the results when the σ8 − Ωm weak lensing
(galaxy number counts) constraint is added in the analysis. Right panel: as in the left panel but replacing the WiggleZ BAO
geometrical information by the WiggleZ full-shape matter power spectrum measurements.
When the prior on the value of the Hubble constant from
HST is included in the analyses, the mean value of Neff
and the bound on the neutrino masses are both mildly
larger accordingly to the larger value of H0 preferred by
HST data. The Hubble constant H0 and Neff are posi-
tively correlated through measurements of the CMB, see
Ref. [71] for a complete description of the effects of Neff
on the CMB . If the value of Neff is increased, in order
to keep fixed both the angular location of the acoustic
peaks and the matter-radiation equality epoch (to leave
unchanged the first peak height via the early ISW effect),
the expansion rate is also increased, implying therefore a
larger H0 and a shorter age of the Universe at recombi-
nation.
Since HST measurements point to a higher H0 value,
a larger value of Neff will be favoured by data, which
also implies a higher neutrino mass bound due to the
strong
∑
mν−Neff degeneracy. The 95% CL constraints
from the combination of CMB data, BOSS DR11 BAO
measurements and the HSTH0 prior are
∑
mν < 0.34 eV
and Neff = 3.57
+0.45
−0.48. Once the Hubble constant prior
from the HST experiment is added in the analyses, there
exists a very mild preference (2σ) for a value of Neff larger
than the canonical expectation of 3.046, agreeing as well
with the results of Ref. [3].
The addition of the measurements of the deuterium
(either from older estimates [68], or from the most re-
cent measurements from Ref. [52]) and the helium [53]
light element abundances, reduce both the mean value
and the errors of Neff significantly. After the addition of
BBN bounds the errors on Neff are reduced by a half. Ta-
ble IV contains the BBN constraints obtained using the
fitting functions for the theoretical deuterium and he-
lium primordial abundances, as a function of Ωbh
2 and
Neff, of Ref. [68] (extracted from the numerical results
of the PArthENopE BBN code [69]). We report in the
table exclusively these constraints because they are the
most conservative ones: we find
∑
mν < 0.24 eV and
Neff = 3.25
+0.25
−0.24 at 95% CL from the analysis of CMB
data, WiggleZ power spectrum measurements, the HST
H0 prior and BBN light elements abundances informa-
tion (with the deuterium measurements from Ref. [52]).
Notice that there is no evidence for Neff > 3 when consid-
ering the most recent estimates of primordial deuterium
abundances. However, if we consider instead previous
measurements of deuterium, as those from Ref. [68], there
exists a 3.5 − 4σ preference for Neff > 3 if HST data
is included in the analyses. Without the inclusion of
HST data the preference for Neff > 3 still persists, al-
beit at the 2.5 − 3σ CL. As previously stated, the BBN
bounds on Neff and
∑
mν quoted in Tab. IV are the
most conservative ones we found. Different bounds are
obtained if an alternative fitting function is used in order
to compute the theoretical deuterium and helium pri-
mordial abundances. We have performed as well such
an exercise, using the fitting functions from Refs. [52, 72]
and, in general, the mean value obtained for Neff is larger
than the constraints quoted above. In the case in which
recent deuterium measurements are considered in the
analysis, the mean value of Neff is displaced by ∼ 2σ
with respect to the mean values obtained when using
the fitting function of [68]. If previous deuterium mea-
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CMB+DR11 CMB+DR11 CMB+DR11 CMB+DR11 CMB+DR11 CMB+DR11 CMB+DR11 CMB+DR11
+HST +WZ +WZ+HST +WZ+BAO+HST +BAO +BAO+HST +BAO+SNLS
Σmν [eV] < 0.31 < 0.31 < 0.32 < 0.34 < 0.34 < 0.31 < 0.31 < 0.29
Neff 3.45
+0.59
−0.54 3.66
+0.52
−0.49 3.32
+0.55
−0.62 3.57
+0.50
−0.48 3.56
+0.45
−0.49 3.43
+0.58
−0.59 3.66
+0.48
−0.47 3.48
+0.58
−0.56
SZ Clusters &
CFHTLensing
Σmν [eV]& 0.37
+0.24
−0.18 0.37
+0.20
−0.20 0.32
+0.19
−0.19 0.35
+0.16
−0.17 0.37
+0.26
−0.17 0.32
+0.18
−0.21 0.37
+0.18
−0.20 0.32
+0.15
−0.17
Neff 3.32
+0.53
−0.55 3.54
+0.48
−0.54 3.24
+0.58
−0.70 3.56
+0.59
−0.59 3.56
+1.09
−0.60 3.17
+0.64
−0.59 3.54
+60
−0.62 3.25
+0.47
−0.43
SZ Clusters
Σmν [eV] 0.37
+0.24
−0.19 0.36
+0.18
−0.18 0.32
+0.19
−0.19 0.35
+0.17
−0.16 0.36
+0.26
−0.18 0.32
+0.18
−0.20 0.37
+0.18
−0.21 0.32
+0.15
−0.16
Neff 3.33
+0.55
−0.53 3.55
+0.51
−0.58 3.25
+0.57
−0.68 3.56
+0.59
−0.58 3.55
+0.65
−0.59 3.18
+0.63
−0.59 3.54
+0.62
−0.59 3.25
+0.49
−0.44
CFHTLens
Σmν [eV] < 0.41 < 0.44 < 0.39 < 0.41 < 0.42 < 0.40 < 0.43 < 0.39
Neff 3.39
+0.57
−0.55 3.59
+0.52
−0.54 3.28
+0.58
−0.63 3.55
+0.53
−0.47 3.54
+0.52
−0.47 3.33
+0.61
−0.61 3.58
+0.50
−0.50 3.37
+0.58
−0.55
BBN
Σmν [eV] (D/H)p[52] < 0.27 < 0.29 < 0.29 < 0.24 < 0.25 < 0.28 < 0.32 < 0.32
Σmν [eV] (D/H)p[68] < 0.30 < 0.28 < 0.32 < 0.31 < 0.32 < 0.31 < 0.28 < 0.28
Neff (D/H)p[52] 3.17
+0.26
−0.27 3.24
+0.26
−0.25 3.13
+0.30
−0.29 3.25
+0.25
−0.24 3.22
+0.27
−0.25 3.11
+0.31
−0.31 3.23
+0.27
−0.26 3.18
+0.29
−0.31
Neff (D/H)p[68] 3.47
+0.35
−0.34 3.56
+0.34
−0.33 3.52
+0.33
−0.31 3.52
+0.27
−0.26 3.52
+0.33
−0.32 3.48
+0.35
−0.36 3.57
+0.34
−0.33 3.49
+0.36
−0.35
TABLE IV: 95% CL constraints on the sum of the neutrino masses, Σmν , in eV, and on the relativistic degrees of freedom
Neff from the different combinations of data sets explored here. When BBN bounds are included, the first (second) raw refers
to the constraints obtained combining the primordial deuterium values from Ref. [52] ([68]) (D/H)p = (2.53 ± 0.04) × 10−5
((D/H)p = (2.87± 0.22)× 10−5) with measurements of the helium mass fraction Yp = 0.254± 0.003 from Ref. [53]
.
surements [68] are used for our numerical analyses, the
mean value of Neff is also mildly larger than the mean
Neff values obtained when applying the fitting functions
from Ref. [68]. The upper bound on the sum of the
three active neutrino masses is also larger for the two
analyses (with recent and previous deuterium measure-
ments), due to the degeneracy between Neff and
∑
mν .
As an example, from the analysis of CMB data, Wig-
gleZ power spectrum measurements, the HST H0 prior
and BBN light elements abundances information (with
recent deuterium measurements from Ref. [52]), our anal-
ysis point to the following values: Neff = 3.47
+0.27
−0.27 and∑
mν < 0.30 eV, both at 95% CL. If previous mea-
surements of deuterium are instead considered [68], the
95% CL limits are Neff = 3.60
+0.33
−0.32 and
∑
mν < 0.32 eV.
Therefore, a preference for Neff > 3 at the 3.5 − 4σ
(2.5− 3σ) CL with (without) the HST H0 prior included
in the analyses will always be present in the results ob-
tained with the fitting functions of Refs. [52, 72], inde-
pendently of the deuterium measurements exploited.
As in the standard three massive neutrino case, the
addition of the constraints on the σ8 and Ωm cosmo-
logical parameters from the CFHTLens survey displaces
the bounds on the neutrino mass to higher values. When
adding the σ8−Ωm relationship from the Planck-SZ clus-
ter catalog on galaxy number counts, a non zero value for
the sum of the three active neutrino masses of ∼ 0.35 eV
is favoured at 4σ. Notice that in this case the preferred
mean value for
∑
mν is higher than in the three mas-
sive neutrino case due to the fact that Neff is a free pa-
11
rameter and there exists a large degeneracy among Neff
and
∑
mν . The combination of CMB data with BAO
measurements from BOSS DR11, WiggleZ power spec-
trum (full shape) data and a prior on H0 from HST af-
ter considering the inclusion of Planck SZ clusters infor-
mation leads to the values
∑
mν = 0.35
+0.17
−0.16 eV and
Neff = 3.56
+0.59
−0.58 at 95% CL.
The bounds quoted above have been obtained using the
BBN theoretical prediction for helium in the CMB data
analysis. However, it is also possible to fix the helium
fraction Yp in the Monte Carlo Markov Chain analyses
of CMB data and assume that Yp is an independent pa-
rameter constrained by BBN observations only. We have
also performed such an exercise, fixing Yp = 0.24, and
we find, in general, larger values for both the mean value
of Neff and its errors, and, consequently, a slightly larger
bound on the neutrino mass, due to the
∑
mν −Neff de-
generacy. In particular, we find
∑
mν < 0.32 eV and
Neff = 3.60
+0.67
−0.65 at 95% CL from the combination of
CMB data and BOSS DR11 BAO measurements, and∑
mν < 0.34 eV and Neff = 3.84
+0.60
−0.56 at 95% CL if a
prior from HST on the Hubble constant H0 is added to
the former data combination. These findings agree with
the results of Ref. [15], where it is also found that the
BBN consistency relation leads to a constraint on Neff
closer to the canonical value of 3.046 than in the case
of fixing Yp = 0.24. Once BBN measurements are con-
sidered in the data analyses, the differences between the
analyses with and without the BBN consistency relation
included become irrelevant.
Figure 3, left panel, shows the degeneracy between the∑
mν and the total number of dark radiation species Neff
(which accounts for the contribution of the three active
neutrino species plus ∆Neff massless sterile neutrino-like
species). The red contours depict the 68% and 95% CL
allowed regions resulting from the combination of CMB,
BOSS DR11 BAO measurements, and previous BAO
measurements. As the value of Neff increases, a larger
neutrino mass is allowed, to leave unchanged both the
matter radiation equality era and the angular location of
the acoustic peaks, as well as the high of the first acous-
tic peak via the early ISW effect. The blue region de-
notes the results considering the HST H0 prior as well in
the analysis: notice that the allowed regions are shifted
towards higher values of Neff. Figure 3, right panel, il-
lustrates the degeneracy between Neff and the Hubble
constant H0. The color coding is identical to the one
used in the figure shown in the left panel, in which the
red contours are related to the 68% and 95% CL allowed
regions from the combination of CMB data, BOSS DR11
BAO measurements and additional BAO measurements
and the blue regions refer to the constraints after adding
a prior on the Hubble constant from the HST experiment.
D. Massive neutrinos and extra massive sterile
neutrino species
The latest possibility for thermal relics explored in
this study is the case in which there exists three active
light massive neutrinos plus one massive sterile neutrino
species characterised by an effective mass meffs , which
reads
meffs = (Ts/Tν)
3ms = (∆Neff)
3/4ms , (6)
being Ts (Tν) the current temperature of the sterile (ac-
tive) neutrino species, ∆Neff ≡ Neff − 3.046 = (Ts/Tν)3
the effective number of degrees of freedom associated to
the sterile, and ms its real mass.
Table V depicts the 95% CL constraints on the ac-
tive and sterile neutrino masses as well as on the total
number of massive neutrinos Neff. Notice that the mean
value of Neff is, in general, slightly larger than in the case
in which the sterile neutrinos are considered as massless
particles due to the fact that meffs and Neff are posi-
tively correlated. Indeed, there exists a physical lower
prior for Neff of 3.046 which is not needed in the case
of three active neutrinos plus extra massless species. We
quote exclusively the 95% CL upper limit for the cases
in which the 95% CL lower limit is set by the physical
prior of 3.046. Concerning the bounds on the sum of the
three active neutrinos, they are more stringent than in
the massless sterile neutrino-like scenario because
∑
mν
and meffs are also positively correlated. As in the mass-
less sterile neutrino-like analyses, larger values of Neff
will be favoured by data when HST measurements are
included. The addition of BBN bounds reduce the er-
rors on Neff significantly, alleviating the degeneracies be-
tween Neff and the active/sterile neutrino masses. Ta-
ble V contains the BBN constraints obtained using the
fitting functions for the theoretical deuterium and helium
primordial abundances from Ref. [68], which, as in the
massless extra dark radiation case, are found to provide
the most conservative bounds. We find
∑
mν < 0.27 eV,
meffs < 0.14 eV and Neff = 3.28
+0.22
−0.21 at 95% CL from
the analysis of CMB data, BOSS DR11 BAO, additional
BAO measurements, WiggleZ full-shape large scale struc-
ture information, the HST H0 prior and BBN light ele-
ments abundances information with the most recent mea-
surements of the primordial deuterium abundances from
Ref. [52], indicating no significant preference for Neff > 3.
However, when considering primordial deuterium mea-
surements from Ref. [68], there exists a preference for
Neff > 3 at the 3σ level (mildly stronger when HST
data is also considered in the analyses). This preference
is similar to that found in the extra massless case, al-
though notice that in this case there exists a lower prior
on Neff = 3.046 and therefore the mean value of Neff
will always be larger than its standard prediction. If
we instead use the theoretical functions for the helium
and deuterium abundances from Refs. [52, 72], we get
similar conclusions to those found in the massless dark
radiation case: a 3− 4σ preference for Neff > 3 is always
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CMB+DR11 CMB+DR11 CMB+DR11 CMB+DR11 CMB+DR11 CMB+DR11 CMB+DR11 CMB+DR11
+HST +WZ +WZ+HST +WZ+BAO+HST +BAO +BAO+HST +BAO+SNLS
Σmν [eV] < 0.28 < 0.27 < 0.28 < 0.30 < 0.31 < 0.30 a < 0.29 < 0.26
meffs [eV] < 0.29 < 0.28 < 0.60 < 0.28 < 0.25 < 0.27
a < 0.28 < 0.31
Neff < 4.01 3.73
+0.51
−0.51 < 3.89 < 4.06 3.64
+0.48
−0.48 3.57
+0.50
−0.50
a < 4.16 < 4.02
SZ Clusters&
CFHTLens
Σmν [eV] < 0.40 < 0.43 < 0.36 < 0.41 < 0.43 < 0.43 < 0.39 < 0.37
meffs [eV] < 0.50 < 0.48 < 1.37 < 0.39 < 0.34 < 0.49 < 0.59 < 0.59
Neff < 3.90 3.67
+0.49
−0.55 < 3.77 < 4.08 3.67
+0.51
−0.45 3.47
+0.51
−0.39 < 4.01 < 3.85
SZ Clusters
Σmν [eV] < 0.40 < 0.42 < 0.36 < 0.41 < 0.42 < 0.41 < 0.39 < 0.38
meffs [eV] < 0.49 < 0.48 < 1.36 < 0.39 < 0.34 < 0.49 < 0.53 < 0.59
Neff < 3.90 3.66
+0.49
−0.55 < 3.77 < 4.06 3.66
+0.50
−0.45 3.46
+0.41
−0.38 < 4.02 < 3.85
CFHTLens
Σmν [eV] < 0.35 < 0.33 < 0.32 < 0.35 < 0.35 < 0.39 < 0.34 < 0.31
meffs [eV] < 0.39 < 0.39 < 1.16 < 0.34 < 0.29 < 0.37 < 0.43 < 0.47
Neff < 3.94 3.68
+0.51
−0.51 < 3.85 < 4.06 3.63
+0.49
−0.49 3.50
+0.48
−0.44 < 4.09 < 3.94
BBN
Σmν [eV] (D/H)p[52] < 0.28 < 0.23 < 0.25 < 0.24 < 0.27 < 0.39 < 0.24 < 0.23
Σmν [eV] (D/H)p[68] < 0.27 < 0.25 < 0.28 < 0.28 < 0.28 < 0.29 < 0.26 < 0.25
meffs [eV] (D/H)p[52] < 0.45 < 0.34 < 0.37 < 0.46 < 0.14 < 0.24 < 0.56 < 0.62
meffs [eV] (D/H)p[68] < 0.27 < 0.25 < 0.29 < 0.24 < 0.23 < 0.27 < 0.26 < 0.27
Neff (D/H)p[52] < 3.41 < 3.53 < 3.49 < 3.58 3.28
+0.22
−0.21 3.25
+0.17
−0.17 < 3.47 < 3.43
Neff (D/H)p[68] 3.48
+0.37
−0.35 3.59
+0.35
−0.34 3.45
+0.33
−0.38 3.56
+0.34
−0.34 3.56
+0.33
−0.32 3.50
+0.35
−0.36 3.59
+0.35
−0.45 3.50
+0.36
−0.37
aThese limits have been obtained by imposing an additional prior
on the thermal velocity of sterile neutrinos. See discussion in the
text for further details.
TABLE V: 95% CL constraints on the active (sterile) neutrino masses, Σmν (m
eff
s ), in eV, and on the total number of
massive neutrino species, Neff, from the different combinations of data sets explored here. When BBN bounds are included,
the first (second) raw refers to the constraints obtained combining the primordial deuterium values from Ref. [52] ([68])
(D/H)p = (2.53±0.04)×10−5 ((D/H)p = (2.87±0.22)×10−5) with measurements of the helium mass fraction Yp = 0.254±0.003
from Ref. [53].
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FIG. 3: Left panel: the red contours show the 68% and 95% CL allowed regions from the combination of CMB data, BOSS
DR11 BAO measurements and additional BAO measurements in the (
∑
mν (eV), Neff) plane. The blue contours depict the
constraints after a prior on the Hubble constant from HST is added in the analysis. Right panel: as in the left panel but in
the (Neff, H0) plane.
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present. The bounds on the neutrino masses are, as in the
massless case, mildly loosened. The constraints quoted
above translate into
∑
mν < 0.28 eV, m
eff
s < 0.22 eV and
Neff = 3.50
+0.27
−0.28 (
∑
mν < 0.30 eV, m
eff
s < 0.24 eV and
Neff = 3.64
+0.33
−0.33) at 95% CL from the analysis of CMB
data, BOSS DR11 BAO, additional BAO measurements,
WiggleZ full-shape large scale structure information, the
HST H0 prior and BBN light elements abundances in-
formation with the most recent measurements of the pri-
mordial deuterium abundances from Ref. [52] ([68]).
We have also found that the posterior distribution ob-
tained from the CMB+DR11+BAO dataset (without the
addition of any BBN or σ8 information) is multimodal.
In fact, we find that the probability density is signif-
icantly different from zero, other than for meff . 0.3
eV (as for the other datasates), also for meff & 1 eV.
A further inspection of the chains has shown that these
two regions roughly corresponds to the two cases of a
hot/warm (at recombination) sterile neutrino, with a
mass-to-temperature ratio at that time ms/Ts,rec . 10,
and of a cold sterile with ms/Ts,rec & 100. The limits
quoted in Tab. V for the CMB+DR11+BAO dataset,
in the basic case where no other information is consid-
ered, have been obtained by postprocessing the chains
in order to keep only those models with ms/Ts,rec . 10.
This is consistent with the purpose of the paper of cos-
training the presence of a hot component in addition to
active neutrinos. We have also verified that these limits
are reasonably stable with respect to the choice of the
value of the mass-to-temperature ratio at which to cut
the distribution, as long as this value lies inside the low-
probability region 10 . ms/Ts,rec . 100. It still has to be
clarified which, if any in particular, of the BAO datasets
is responsible for the appearance of the “cold sterile” re-
gion in the posterior probability, and to which feature in
the data this is possibly related. A very preliminar anal-
ysis, performed using only one at a time among the DR7,
6dF and WiggleZ BAO datasets, seems to show that this
effect is mainly driven by the first two datasets, while
using only the WiggleZ BAO measurements yields natu-
rally an upper limit for meff of about 0.3 eV, without any
need to exclude a priori the cold region. However a more
robust and precise assessment of the role of the different
datasets would certainly require a more detailed analysis
that goes beyond the scope of the present paper.
Contrarily to the massless dark radiation case (and
similarly to the thermal axion scenario), the addition
of the constraints on the σ8 and Ωm cosmological pa-
rameters from the Planck-SZ cluster catalog on galaxy
number counts does not lead to a non zero value for the
neutrino masses. However, the bounds on the neutrino
masses are less stringent when adding the Planck-SZ or
the CFHTLens constraints on the σ8 and Ωm cosmologi-
cal parameters, due to the lower σ8 preferred by the for-
mer data sets, which favours higher values for the thermal
relic masses. After considering the inclusion of Planck
SZ clusters and CFHTLens information to CMB data,
BOSS DR11 BAO and additional BAO measurements
and the HST H0 prior, the 95% CL bounds on the active
and the sterile neutrino parameters are
∑
mν < 0.39 eV,
meffs < 0.59 eV and Neff < 4.01.
The bounds quoted in Tab. V have been obtained using
the BBN theoretical prediction for helium in the CMB
data analysis, as in the case of extra massless species. We
have also performed in this massive case the exercise of
fixing the helium fraction Yp in the Monte Carlo Markov
Chain analyses of CMB data and assume that Yp is an
independent parameter constrained by BBN observations
only. Again, as in the massless case, we find larger values
for the mean value of Neff (and, consequently, slightly
larger bounds on both the active and sterile neutrino
masses) when neglecting the BBN consistency relation
in the MCMC analyses.
Figure 4, left panel, shows the degeneracy between
the
∑
mν and the total number of neutrino species Neff
(which accounts for the contribution of the three active
neutrino species plus ∆Neff massive sterile neutrinos).
The red contours depict the 68% and 95% CL allowed
regions resulting from the combination of CMB, BOSS
DR11 BAO measurements, and full shape power spec-
trum measurements from the WiggleZ survey. Notice
that the allowed values of Neff are slightly larger than
in the massless dark radiation scenario, since sub-eV
massive sterile neutrinos are contributing to the matter
energy density at the recombination period and there-
fore a larger value of Neff will be required to leave un-
changed both the angular location and the height of the
first acoustic peak. The blue region depicts the results
considering both the HST H0 prior and the remaining
BAO data as well in the analysis. The right panel of
Fig. 4, illustrates the degeneracy between the active and
the sterile neutrino masses, since both active and sterile
sub-eV massive neutrinos contribute to the matter en-
ergy density at decoupling, and both are free streaming
relics which suppress structure formation at small scales,
after they become non relativistic.
IV. CMB CONSTRAINTS INCLUDING THE
RECENT RESULTS FROM THE BICEP2
EXPERIMENT
Very recently, the BICEP2 experiment [74] claimed a
detection at about 5.9σ for B-mode polarization on large
angular scales, compatible with the presence of a ten-
sor component with amplitude r0.002 = 0.2
+0.06
−0.05 at 68%
c.l.. It is therefore interesting to evaluate the impact of
this measurement for the effective number of relativis-
tic species and neutrino masses. We have therefore per-
formed an analysis including a tensor component (with
zero running). The results are presented in Fig. 5. As
we can see, when the BICEP2 data are included, an ex-
tra background of relativistic particle is preferred with
Neff = 4.00±0.41 at 68% c.l.. CMB data alone is there-
fore suggesting a value for Neff > 3 at good significance.
This result comes from the apparent tension between the
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FIG. 4: Left panel: the red contours show the 68% and 95% CL allowed regions from the combination of CMB data, BOSS
DR11 BAO measurements and WiggleZ full shape power spectrum measurements in the (
∑
mν (eV), Neff) plane. The blue
contours depict the constraints after a prior on the Hubble constant from HST and the remaining BAO data are added in the
analysis. Right panel: as in the left panel but in the (
∑
mν (eV), m
eff
s (eV)) plane.
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FIG. 5: Left panel: Constraints in the Neff vs r plane from Planck+WP and Planck+WP+BICEP2 data. Notice how the
inclusion of the BICEP2 constraint shifts the contours towards Neff > 3. Right panel: constraints on the Σmν vs r plane from
Planck+WP and Planck+WP+BICEP2 data. In this case there is no indication for neutrino masses from the combination of
CMB data.
Planck+WP limit of r < 0.11 at 95% c.l. and the re-
cent BICEP2 result. This tension appears as less evident
when extra relativistic particles are included. We imag-
ine a further preference for Neff > 3 if the HST data is
included. The BICEP2 result does not affect the current
constraints on neutrino masses as we can see from the
right side of figure Fig. 5.
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V. CONCLUSIONS
Standard cosmology includes hot thermal relics which
refer to the three light, active neutrino flavours of the
Standard Model of elementary particles. The largest
effect of neutrino masses on the different cosmological
observables arises from their free streamig nature: the
non-relativistic neutrino overdensities will contribute to
clustering only at scales larger than their free stream-
ing scale, suppressing the growth of matter density fluc-
tuations at small scales. CMB measurements from the
Planck satellite, including the lensing likelihood, low-`
polarization measurements from WMAP 9-year data and
Baryon Acoustic Oscillation (BAO) measurements from
a number of surveys lead to the bound
∑
mν < 0.26 eV
at 95% CL.
However, the existence of extra hot relic components,
as dark radiation relics, sterile neutrino species and/or
thermal axions will change the cosmological neutrino
mass constraints. Dark radiation (i.e. purely massless
species) may arise in several extentions of the Standard
Model of elementary particles, as, for instance, in asym-
metric dark matter models. On the other hand, the exis-
tence of extra massive species is well motivated by either
the so-called neutrino oscillation anomalies (in the case
of sterile neutrino species) or by the strong CP problem
(in the case of thermal axions). Both extra, sterile neu-
trino species and axions have an associated free streaming
scale, reducing the growth of matter fluctuations at small
scales. These extra species will also contribute to the ef-
fective number of relativistic degrees of freedom Neff, be-
ing Neff = 3.046 the standard value, corresponding to the
three active neutrino contribution. The existence of ex-
tra light species at the Big Bang Nucleosynthesis (BBN)
epoch modifies the light element abundances, especially
the primordial helium mass fraction.
We have presented here the constraints on the masses
of the different thermal relics in different scenarios using
the available cosmological data in the beginning of this
year 2014. The data combination used here includes also
the recent and most precise distance BAO constraints
to date from the BOSS Data Release 11 (DR11) re-
sults [54], see also Refs. [55–57]. The tightest limit we
find in the minimal three active massive neutrino sce-
nario is
∑
mν < 0.22 eV at 95% CL from the combina-
tion of CMB data, BAO data and HST measurements
of the Hubble constant. The addition of the constraints
on σ8 and Ωm from the CFHTLens survey displaces the
bounds on the neutrino mass to higher values. However,
the constraint on σ8 and Ωm from the Planck-SZ clus-
ter catalog on galaxy number counts favours a non zero
value for the sum of the three active neutrino masses of
∼ 0.3 eV at 4σ, see also Refs. [48, 49].
When considering simultaneously thermal axions and
active massive neutrino species, and including CMB,
BOSS BAO DR11, additional BAO measurements, Wig-
gleZ power spectrum (full shape) information, the H0
HST prior and BBN light element abundances, the
95% CL bounds are
∑
mν < 0.25 eV and ma < 0.57 eV
(
∑
mν < 0.21 eV and ma < 0.61 eV) using recent (pre-
vious) deuterium estimates from [52] ([68]) and helium
constraints from Ref. [53].
Neither the addition of weak lensing constraints on the
σ8−Ωm relationship from the CFHTLens experiment nor
from the Planck SZ cluster number counts favours non-
zero thermal relic masses, except for few cases in which
the Planck SZ cluster number counts information is con-
sidered together with the HST H0 prior (or SNIa lumi-
nosity distances) and all the BAO measurements. Only
in this case there exists a mild ∼ 2.2σ preference for a non
zero axion mass of 0.6 eV. Concerning neutrino masses,
there exists evidence for a neutrino mass of ∼ 0.2 eV at
the ∼ 3σ level exclusively for the case in which CMB data
is combined with BOSS BAO DR11 measurements and
full-shape power spectrum information from the WiggleZ
galaxy survey.
In the case in which we consider both massive neutri-
nos and ∆Neff dark radiation species, the neutrino mass
bounds are less stringent than in standard three neutrino
massive case due to the large degeneracy between
∑
mν
and Neff, finding
∑
mν < 0.31 eV and Neff = 3.45
+0.59
−0.54 at
95% CL from the combination of CMB data and BOSS
DR11 BAO measurements. Contrarily to the massless
dark radiation case, but similarly to the thermal axion
scenario, the addition of the constraints on the σ8 and
Ωm cosmological parameters from the Planck-SZ cluster
catalog on galaxy number counts does not lead to a non
zero value for the neutrino masses. After considering
the inclusion of Planck SZ clusters and CFHTLens in-
formation to CMB data, BOSS DR11 BAO, additional
BAO measurements and the HST H0 prior, the 95% CL
bounds on the active and the sterile neutrino parameters
are
∑
mν < 0.39 eV, m
eff
s < 0.59 eV and Neff < 4.01.
Big Bang Nucleosynthesis constraints reduce both the
mean value and the errors of Neff significantly. After
the addition of the most recent measurements of deu-
terium [52] and helium [53], and using the theoretically
derived fitting functions of Ref. [68], we find
∑
mν <
0.24 eV and Neff = 3.25
+0.25
−0.24 at 95% CL from the anal-
ysis of CMB data, WiggleZ power spectrum measure-
ments and the HST H0 prior finding no evidence for
Neff > 3. If previous estimates of the deuterium pri-
mordial aundances are used in the analysis [68], there
exists a 4(2.5)σ preference for Neff > 3, with (without)
HST data included in the numerical analyses. If the ad-
ditional sterile neutrino states are considered as massive
species, a ∼ 3.5σ preference for Neff > 3 still appears
when considering BBN measurements (with previous es-
timates of the deuterium abundances from Ref. [68]) and
the HST prior on the Hubble constant. The 2.5−4σ pref-
erence for Neff > 3 always appears for both the massless
and the massive extra hot relic scenarios when consid-
ering the theoretical fitting functions of Refs. [52, 72],
independently of the deuterium measurements used in
the analyses. Accurate measurements as well as sharp
theoretical predictions of the primordial deuterium and
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helium light element abundances are therefore crucial to
constrain the value of Neff.
Finally, we have considered the recent B-mode polar-
ization measurements made by the BICEP2 experiment.
Assuming that this detection is produced by a primordial
tensor component, we have found that in a LCDM+r sce-
nario the presence of extra relativistic particles is signifi-
cantly suggested by current Planck+WP+BICEP2 data
with Neff = 4.00±0.41 at 68% c.l.. An extra relativistic
component therefore solves the current tension between
the Planck and BICEP2 experiments on the amplitude
of tensor modes.
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VII. APPENDIX
For axion thermalization purposes, only the axion-pion
interaction will be relevant. To compute the axion de-
coupling temperature TD we follow the usual freeze out
condition
Γ(TD) = H(TD) . (7)
The average rate pi + pi → pi + a is given by [73]:
Γ =
3
1024pi5
1
f2af
2
pi
C2apiI , (8)
where
Capi =
1−R
3(1 +R)
, (9)
is the axion-pion coupling constant [73], and
I = n−1a T
8
∫
dx1dx2
x21x
2
2
y1y2
f(y1)f(y2)
×
∫ 1
−1
dω
(s−m2pi)3(5s− 2m2pi)
s2T 4
, (10)
where na = (ζ3/pi
2)T 3 is the number density for axions in
thermal equilibrium, f(y) = 1/(ey − 1) denotes the pion
distribution function, xi = |~pi|/T , yi = Ei/T (i = 1, 2),
s = 2(m2pi+T
2(y1y2−x1x2ω)), and we assume a common
mass for the charged and neutral pions, mpi = 138 MeV.
We have numerically solved the freeze out equation
Eq. (7), obtaining the axion decoupling temperature
TD versus the axion mass ma (or, equivalently, versus
the axion decay constant fa). From the axion decou-
pling temperature, we can compute the current axion
number density, related to the present photon density
nγ = 410.5± 0.5 cm−3 via
na =
g?S(T0)
g?S(TD)
× nγ
2
, (11)
where g?S refers to the number of entropic degrees of
freedom. At the current temperature, g?S(T0) = 3.91.
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